Microwave energy is applied to cure cement-based materials with microwave power and time of application. First, the dielectric permittivity of them during a 24-hour first-hydration period at a frequency of 2.45 ± 0.05 GHz is measured and analyzed. Second, the characteristics of hardened cement paste as subjected to microwave energy with multi-mode rectangular wave guide, with specific attention to temperature rise, microstructure and development. This article presents a theoretical analysis to relate the compressive strengths of the CBM when subjected to microwave energy at an operating frequency of 2.45 GHz with a multi-mode cavity. The effects of water-tosolid mass ratios, aggregates, pozzolan materials, microwave power levels, application times, sequential processes, delay times, and comparisons with conventional curing (lime saturateddeionized water) were taken into account. The results indicated that for increasing the compressive strength, the main coefficient (a) as the Richards model are up to the highest value, the optimal energy level (microwave power × application time) should be in the range of 2.0 to 3.0 KJ when the specimen size was of φ 70.0 mm × 40.0 mm in order to avoid the position of highest electric field strength within the cavity. Furthermore, the calculated compressive strengths based on the maturity concept overestimated the strength during 28 day first hydration time of the microwave-cured cement-based materials using the formula: 
Introduction
Compressive strength is considered as a primary property to evaluate the performance of any concrete material. Especially high early strength development can benefit to concrete production such as reducing fabrication time and consequently saving the energy and decreasing an adverse impact on environment etc. Indeed, it is influenced by water-cement ratio, cement type, age of paste and curing methods employed [1] .
At present, there are various methods for concrete curing in order to enhance its strength [1, 2] . For example steam curing is advantageous where development of early strength in concrete is desired or where external heat is required to accomplish the full hydration, as in cold weather. Two methods of steam are used: live steam at atmospheric pressure and high steam in autoclaves. However, the curing methods have many limitations [3] including long time consumption to reach the strength required in case of water curing, non uniform hydration products due to the inherent thermal insulation of concrete causing over heating taking place with the processed concrete under high stream and temperature curing and concrete may face to durability properties when using curing compound admixture. These problems can be solved by using microwave energy.
When the concrete materials are introduced to electromagnetic wave, the dielectric loss coupling is the mechanism of heating. Water has relative dielectric constant ( ) r ′ ε and relative loss tangent ( ) r tan δ higher than the other components of the concrete. As a result when the electric field ( ) E component of microwave energy interacts with concrete constituents, and is converted into heat via dipole interactions. This mechanism causes the dipoles to vibrate and then the energy is dissipated as heat, yielding temperature rise to trigger the hydration reactions. Consequently, part of free water molecule in capillary pores of concrete is quickly removed from internal concrete structure before setting, which means induced plastic shrinkage takes place leading to collapse of capillary pores and simultaneous desification [4] [5] [6] .
However, these fields have been grown gradually, as there has not been much research over the last years. Therefore, this work is to extend microwave curing knowledge. By using regression analysis using a Richards model, relationships between compressive strength and factors affecting the cement paste, mortar and concrete subjected to microwave energy were identified. Also maturity concept was applied in this study.
Materials and methods

Materials
Type I hydraulic Portland cement was used throughout this test [7] . The ASTM C618 [8] classifies the FA as low calcium (Type F). Mata-kaolinite (MK) was used complying with the ASTM C618 [8] . Silica fume (hereinafter referred to as SF) was also used as a high-pozzolanic material in accordance with the ASTM C1240 [8] .
Tap water with a pH 7.0 and river sand with a fineness modulus of 2.58 and gradation conforming to the ASTM C 33 [8] , were mixed in specific proportions. The chemical admixture used superplasticizer that conforms to the ASTM C494 [7] ; that is, the superplasticizer had a recommended dosage rate of 500 ml per 100 of a kilogram of cementitious materials. Mineral admixtures included pulverized fuel ash (here-in-after referred to as PFA) from an electricity power plant that used lignite coal as a raw material to produce a combustion-yielding steam for driving the generator.
Ottawa sand, which has a fineness modulus equal to 2.58, constitutes a fine aggregate accurately graded to pass a 850-µ (US Standard No. 20) sieve and to be retained on a 600-µ (US Standard No. 30) sieve-both of which are used to test cements. The primary reason for using Ottawa sand was its the quality: its grains do not show visible signs of clay, loam, iron compounds, or other foreign substances. Because the sand is typically regarded as a standard, it is often not subjected to detailed mineralogical analyses prior to experiments. However, for this study, we did examine a lab-grade sample in order to identify any impurities present. Crushed limestone rock with a fineness modulus and nominal maximum size equal to 5.74 and 6.0 cm respectively was used as coarse aggregate.
The cement-based materials (CBM) used were proportioned as shown in Table 1 . The specimens were removed from the mold 24 ± ½ hours after the start of mixing and then cured by conventional curing, rapid curing with microwave energy, and rapid autoclave curing. The specimens subjected to conventional curing were immersed in a Ca(OH) 2 saturated solution. For microwave curing, after mixing and molding, they were cured at room temperature by wrapping with polyethylene plastic until the delay time (time after mixing until introducing microwave energy with a multi-mode cavity) for 30 minutes. The appropriate amounts of starting materials were weighed out to the nearest hundredth of a gram on a Mettler Pl 1200 balance. A Hobart mixer was used to mix the solids and liquids according to ASTM C109. Samples were cast as φ 70.0 mm × 40.0 mm cylindrical specimens. The samples were cured by using saturated lime water at 25 0 C, microwave energy with a multimode cavity.
Table 1
Mixtures used (by weight in grams).
Experimental methods
The specimens subjected to conventional curing were immersed in a Ca(OH) 2 saturated solution. For microwave curing, after mixing and molding, they were cured at room temperature by wrapping with polyethylene plastic until the delay time (time after mixing until introducing microwave energy with a multi-mode cavity) for 30 minutes. The appropriate amounts of starting materials were weighed out to the nearest hundredth of a gram on a Mettler Pl 1200 balance. A Hobart mixer was used to mix the solids and liquids according to ASTM C109 [8] . Samples were cast as φ 70.0 mm × 40.0 mm cylindrical specimens. The samples were cured by using saturated lime water at 25 0 C, microwave energy with a multimode cavity. This study used a microwave sintering system, as shown in Fig. 1 , that included an industrial microwave generator model S56F manufactured by Cober Electronics, Inc., Stanford Conn., USA. This model can generate microwave energy at 2.45 ± 0.05 GHz and a maximum power of 6.0 kW with a multimode system. However, the maximum cubical size of the material to be processed is limited to 105 mm.
The microwave apparatus does not provide a real-time monitoring of temperature changes during curing; therefore, the temperature of the sample should be measured at the start and end of the curing process. In order to measure the temperature of the sample subjected to microwave energy, the specific positions of measurement were determined. The temperature of the top surface and the bottom surface was measured 5 times for each; likewise, the sample was immediately fractured so that temperature inside was also measured 5 times. The compressive strengths of the cement pastes were tested using a compressive strength apparatus in accordance with the ASTM C39 [8] at 8 and 24 hours, and 7 and 28 days.
Relationship between the compressive strength and others factors affecting it
The Richards model was used, as shown in Eq. (1), because it is similar to the strength development that behaves inversely proportioned to the water-to-cement mass ratio [1] shown in the Eq. (2). 
where c f is the compressive strength, w/c is the water-to-cement mass ratio, and K 1 and K 2 are the empirical constants.
Maturity analysis
The maturity method is a technique to account for the combined effects of time and temperature on the strength development of concrete. The method provides a relatively simple approach for making reliable estimates of in-place strength during construction. The maturity index can be approved based on the Arrhenius Eq., which used to describe the effect of temperature on the rate of a chemical reaction. Thus, the equivalent age (t e ) of cement-based materials is set as follows [9] :
where t e is the equivalent age, E is the apparent activation energy (kJ/mol) [10] , R is the universal gas constant (8.314 J/mol. °K), T is the average absolute temperature of cementitious material during time interval ∆t (°K), and T 0 is the absolute reference temperature (23 o C).
According to Eq. (3) and the ASTM C1074 [8] , the relationship of the strength-maturity index can be expressed as in Eq. (4).
Based on the equivalent age calculation in Eq. (4), the activation energy term E must be determined experimentally. Many researchers have proposed different values and/or expressions for the activation energy, some of which are summarized in Table 2 . Furthermore, several coefficients influence the experimental activation energy: the water-to-solid ratio, curing temperature, degree of hydration, cement characteristics, and the use of an admixture.
Tank and Carino [11] found that the activation energy is dependent on the w/c ratio for several mortars and concrete mixes. Chanvillard and D'Aloia [12] reported that the activation energy varies with the isothermal curing temperature. Abdel-Jawad and Hansen [13] showed that the activation energy is approximately constant at early hydration levels and tends to decrease rapidly at later ages. Therefore, the activation energy can be a function of the above-mentioned coefficients. Accordingly, the following expression is proposed here in order to determine the initial activation energy:
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where E is the initial activation energy (kJ/mol), w/s is the water-to-solid mass ratio, T r is the reference temperature, T 0 is the datum temperature (= -10 0 C) w/s is the water-to-cement ratio, and β is the ratio of ultimate degree of hydration at temperature T to ultimate degree of hydration at reference temperature Tr, expressed as in Eq. (5). As stated above, one of the major drawbacks of current maturity functions is their inability to predict the strength of concrete at later ages (beyond 7 days at standard curing temperature). This can be explained by the different hydration mechanisms that control the hydration kinetics of Portland cement. It has been shown by Jawad and Hansen [13] that the hydration kinetics of Portland cement is characterized by two stages. In the first stage, hydration is chemically controlled and the effect of temperature on hydration kinetics is well-described by the Arrhenius Eq.. As hydration proceeds over time, the hydration becomes controlled mainly by diffusion of water to the unhydrated cement. Therefore, as long as the hydration of cement is chemically controlled, the maturity models estimate well the effect of curing temperature on the strength development of concrete.
To account for the effect of curing temperature on the strength development of microwavecured pastes, a correction coefficient is suggested. The paste strengths at different ages and curing times are calculated by using the following Eq.: 
where ( , ) c f T t is the compressive strength of paste at age t cured at temperature T, ( , ) c r e f T t is the compressive strength of the same paste at equivalent age paste e t and is cured at reference temperature r T , and e t is the equivalent age at reference temperature r T for age t at curing temperature T. The equivalent age e t is calculated using Eq. (4).
The curing temperature 20 0 C is considered to be the reference curing temperature Tr. The compressive strength fc against time t was best fitted with the following regression Eq. (8), and it is also shown in Fig. 2 . The Weibull model was selected based on the previous studies' results and give a correlation coefficient at 1.000. 
Eq. (9) establishes the compressive strengths of the 1CW/S_P0.38 and 1CW/S_P0.45 pastes after microwave power of 390 watt had been applied for 45 minutes compared to normal curing and maturity analysis. Hence, after the samples had been subjected to microwave curing, they were taken to a desiccator (Fig. 3 ) and maintained at a temperature at 20 0 C until testing time.
Fig. 3 Specimen in desiccators.
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Results and discussion
Relationship between the compressive strengths and the factors affecting it Fig. 4 shows a typical curve fitting and residuals of the compressive strength of the 1CW/S_P0.38 cement paste with different microwave power levels and times of application. By using the Richards model to fit with the tested compressive strengths, the coefficients were established, and it can be seen that the standard error and correlation coefficients are < 0.01 and 1.000 000 0, respectively. The coefficients results are analyzed and summarized in Tables 2. The coefficients vary uncertainly under the correlation coefficient equal to 1.000 00. For example, in terms of effect of water-to-solid mass ratios, the coefficient a seems to be a dominant coefficient in a decrease value when the energy (microwave power (watt) × time of application (seconds)) is applied to the microwave-cured sample increase. This is because the energy added to temperature rise within the sample and the energy within the hydration system rises; therefore, the total energy may increase the degree of irregularity of the C-S-H structure [15, 16] . As a result, strength decreases because of the imperfective C-S-H.
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Advanced Engineering Ceramics and Composites Table 2 Coefficients of the correlation of the strengths at different microwave curing conditions: effect of water-to-solid mass ratios.
Table 3
Coefficients of the correlation of the strengths at different microwave curing conditions: effect of paste, mortar and concrete.
Table 4
Coefficients of the correlation of the strengths at different microwave curing conditions: effect of pozzolan materials.
Table 5
Coefficients of the correlation of the strengths at different microwave curing conditions: effect of microwave power levels and application times.
Table 6
Coefficients of the correlation of the strengths at different microwave curing conditions: effect of delay times.
Table 7
Coefficients of the correlation of the strengths at different microwave curing conditions: effect of sequential processes.
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In an associative relationship expressed by the energy-maximum temperature point of view, the coefficients a, b, c and d are shown in Fig. 6 .2. There are considerable variations between the coefficients: The a coefficient has a higher value at a lower energy, while at higher energy this coefficient differ gradually from the lower energy. The b coefficient has values showing relationships that are the direct inverse of those shown by a. The coefficients c and d each show periodic increases and decreases.
For the sample used in this study, Fig. 5 shows that for an increase in the a coefficient up to the highest value (the darkest color), the energy level should be in the range of 2.0 to 3.0 KJ.
For the effect of maximum temperature on the coefficients, it appears that a temperature of almost 50 0 C yields the highest compressive strength. This result is in accord with those of previous studies [17, 18] , which have concluded that the optimal temperature should be kept at this value or within the range ± 10 0 C. 
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Maturity Fig. 6 shows the calculated compressive strengths from calculating the maturity concept overestimate the strength at early ages of hydration (during 1 st day). Afterwards, the later-age compressive strengths are also considerably overestimated the strengths obtained through testing. This may be because the tested strength is affected by the micro-cracking that takes place, an effect that the calculation used to predict the strength did not take into account.
Fig. 6
Comparison of compressive strengths of the CW/S_P0.38 paste after curing with microwave at a power of 390 watt for 45 minutes, normal curing and from calculation by the maturity concept.
Conclusions
The relationship between the compressive strengths of pastes, mortar and concrete when subjected to microwave energy and normal curing (lime-saturated deionized water) shows that for an increase in the main, (a) coefficient up to the highest value, the optimal energy level should be in the range of 2.0 to 3.0 KJ.
The compressive strengths calculating from the maturity concept overestimate the strength at early ages of hydration (1 st day). Afterwards, the later-age compressive strengths are also considerably overestimated the strengths obtained through testing.
